Triplet–triplet energy transfer in the major intrinsic light-harvesting complex of Amphidinium carterae as revealed by ODMR and EPR spectroscopies  by Di Valentin, Marilena et al.
Biochimica et Biophysica Acta 1797 (2010) 1759–1767
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioTriplet–triplet energy transfer in the major intrinsic light-harvesting complex of
Amphidinium carterae as revealed by ODMR and EPR spectroscopies
Marilena Di Valentin a, Enrico Salvadori a, Giancarlo Agostini b, Federico Biasibetti a, Stefano Ceola a,
Roger Hiller c, Giorgio Mario Giacometti d, Donatella Carbonera a,⁎
a Department of Chemical Sciences, University of Padova, Via Marzolo 1, 35131 Padova, Italy
b CNR, Inst Biomol Chem, Padova Unit, I-35131, via Marzolo 1, 35131 Padova, Italy
c Department of Biological Sciences, Macquarie University, 2109 NSW, Australia
d Department of Biology, University of Padova, via U. Bassi 58/B, 35121 Padova, ItalyAbbreviations: LHC, light-harvesting complex; Car, ca
chlorophyll a; ZFS, zero ﬁeld splitting; ISC, intersyste
detected magnetic resonance; FDMR, ﬂuorescence d
ADMR, absorption detected magnetic resonance; T-S
electron spin echo; FSE, ﬁeld-swept echo; TR-EPR, time-r
resonance; TTET, triplet–triplet energy transfer
⁎ Corresponding author. Tel.: +39 498275144; fax: +
E-mail address: donatella.carbonera@unipd.it (D. Ca
0005-2728/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.bbabio.2010.06.011a b s t r a c ta r t i c l e i n f oArticle history:
Received 2 May 2010
Received in revised form 9 June 2010
Accepted 22 June 2010
Available online 30 June 2010
Keywords:
Triplet
LHC
Carotenoid
EPR
ODMR
Peridinin
DiadinoxanthinWe present an optically detected magnetic resonance (ODMR) and electron paramagnetic resonance (EPR)
spectroscopic study on the quenching of photo-induced chlorophyll triplet states by carotenoids, in the
intrinsic light-harvesting complex (LHC) from the dinoﬂagellate Amphidinium carterae.
Two carotenoid triplet states, differing in terms of optical and magnetic spectroscopic properties, have been
identiﬁed and assigned to peridinins located in different protein environment. The results reveal a
parallelism with the triplet–triplet energy transfer (TTET) process involving chlorophyll a and luteins
observed in the LHC-II complex of higher plants. Starting from the hypothesis of a conserved alignment of
the amino acid sequences at the cores of the LHC and LHC-II proteins, the spin-polarized time-resolved EPR
spectra of the carotenoid triplet states of LHC have been calculated by a method which exploits the
conservation of the spin momentum during the TTET process. The analysis of the spectra shows that the data
are compatible with a structural model of the core of LHC which assigns the photo-protective function to two
central carotenoids surrounded by the majority of Chl a molecules present in the protein, as found in LHC-II.
However, the lack of structural data, and the uncertainty in the pigment composition of LHC, leaves open the
possibility that this complex posses a different arrangement of the pigments with speciﬁc centers of Chl
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Photosynthetic dinoﬂagellates are characterized by a light-har-
vesting system containing the carotenoid peridinin. These systems
usually have two classes of light-harvesting proteins, the PCPs
(peridinin–chlorophyll proteins) and the LHCs (light-harvesting
complexes). PCPs are water soluble proteins and are unique to
dinoﬂagellates. LHCs are intrinsic light-harvesting proteins which are
related to the cab proteins of higher plants [1, 2] and to their algal
homologous [3]. The interactions between these two classes of light-
harvesting proteins are still unknown. PCPs and LHCs are present in
multiple forms in dinoﬂagellates possibly in order to facilitate
photoadaptation.In Amphidinium carterae, both PCPs and LHCs are encoded by
nuclear genes and synthesized with N-terminal transit peptides
directing translocation to the chloroplast [4, 5].
The LHC, puriﬁed from thylakoids solubilised in digitonin or
glycosidic detergents, has a 19-kDa principal component. A pigment
composition of 7 Chl a, 4 Chl c2, 12 peridinins and 2 diadinoxanthins
has been estimated [1]. However, more recently, it has been observed
that pigment content may be considerably less than that originally
calculated [6] and a Car:Chl a ratio close to one seems to be more
reasonable, on the basis of the absorption spectrum. After direct light
absorption, both peridinin and Chl c2 transfer their singlet excitation
efﬁciently to Chl a [1, 6]. Although the overall identity between the
sequences of LHC and LHC-II from higher plants is low (27%), the core
of LHC (residues 172–330) is highly homologous (identities plus
positive substitutions: 44%) to the three transmembrane helices of
LHC-II. On this basis, a model characterized by three transmembrane
helices, based on alignment of the sequence with the three
dimensional structure of LHC-II, has been proposed [2]. The crystal
structure of the spinach LHC-II complex has been obtained to a
resolution of 2.72 Å [7] and that of pea LHC-II to a resolution of 2.5 Å
[8]. The folding of the LHC-II protein is characterized by three
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map has permitted the location of all the 14 Chls, 8 Chl a and 6 Chl b,
within one monomeric unit of the LHC-II complex. Five conserved Chl
a ligands have been identiﬁed in LHC [2], which correspond to the
ligands of Cla610-612-613-602-603 in the LHC-II structure, according
to the nomenclature reported in [7]. Also the two central carotenoid
(Car) binding sites (L1 and L2) are most probably preserved in LHC:
within 5 Å, the identical or conserved residues are 13/18 for the L1
site and 9/13 for the L2 site. The putative conserved pigment positions
are shown in Fig. 1, while the conserved protein residues of the core of
LHC (residues 172–330) are shown in the Supplementary material. In
LHC-II two extra carotenoid binding sites have been identiﬁed: the N1
site which is speciﬁc for a neoxanthin molecule surrounded by Chls b
and the V1 site which binds violaxanthin, lutein, or zeaxanthin
depending on light conditions [9] and is located at the periphery of the
monomeric subunits. The N1 and V1 sites are not conserved in LHC.
Moreover, in LHC, the total number of Chl molecules is reduced thus
the additional Car molecules may be inserted in sites which are
occupied by Chls in LHC-II or may form clusters as in PCP.
The main photo-protective mechanism responsible for the excess
energy dissipation in LHC-II is based on the non-photochemical
quenching (NPQ) mechanism, leading to the de-epoxidation of
violaxanthin to antheraxanthin and zeaxanthin (VAZ) by the enzyme
violaxanthin de-epoxidase,which is activated by low luminal pH [9, 10]. It
has been suggested that the diadinoxanthin, carotenoid which is
present, together with the prevailing peridinin, in the LHC complex,
may play a role similar to that of violaxanthin in the NPQ process.
In isolated LHC diadinoxanthin represents only about the 1/5 of
the whole Car population and contributes only marginally to the
energy transfer process [6].
Carotenoids are also known to be involved in the photo-protection
process as efﬁcient, fast, and direct quenchers of the Chl triplet (TChl)
states. In thisway, theyprevent the formationof singlet oxygen(1O2*) and
subsequent harmful oxidation of membrane and protein elements [11].
The study of Car triplet (TCar) states formed in LHC-II complexes has
been performed in the past by means of several spectroscopic
techniques (EPR, Optically Detected Magnetic Resonance (ODMR),
time-resolved optical spectroscopy) [12–21]. TCar states have been
characterized, showing speciﬁc interactions with nearby Chl moleculesFig. 1. Left: structure of the pigments associated with the basic unit of the LHC-II complex der
protein backbone and the Chl bmolecules are in faded grey. Orange: luteins in site L1 and L2
612 (upper); pink: Cla604 (right) and 613 (left); green: Cla602 (left) and 610 (right); yellow
as in the left panel) based on the sequence alignment with the 3D structure of LHC-II.[16]. Lampoura et al. [19] assigned the TCar populated in LHC-II
speciﬁcally to the luteins sitting in the L1 and L2 sites. The majority of
the TChl states seems to be quenched by the lutein bound in the L1 site,
which is in close proximity to the low-energy Chls of the complex [22].
In the past, we used ODMR to study the formation of triplet states in
isolated LHC-II complexes and proved the presence of at least two
distinct populations of carotenoid triplet states [14, 16]. More recently,
we applied advanced EPR techniques to investigate the mechanism of
carotenoid triplet state formation in LHC-II. Cla 612/603were identiﬁed
as the sites having the highest probability of the triplet formation and
undergoing triplet quenching by the two central luteins [12].
The population of TCar states has also been extensively studied in the
PCP proteins [23–27] In PCP, peridinins act as efﬁcient Chl a triplet
quenchers. According to the results obtainedbyEPR spectroscopy, Per614
(nomenclature as reported in ref. [28]) has been identiﬁed as the speciﬁc
peridinin playing the main role in this photo-protection mechanism
In view of the similarities, but also of the differences, between the
light-harvesting system of higher plants and algae, it is interesting to
elucidate the mechanism of Chl triplet quenching in the LHC complex.
In this work, we performed ODMR, time-resolved EPR (TR-EPR) and
pulse EPR spectroscopies to study the triplet state formation in the
isolated LHC complex and compared the results with those previously
obtained in LHC-II and PCP complexes.2. Materials and methods
2.1. Sample preparation
The isolated LHC complex from A. carteraewas prepared according
to the method previously described in [6]. For all the experiments, the
LHC samples were dissolved in buffer (25 mM Tris at pH 7.5, 2 mM
KCl) to achieve an optical density of 1.6/mm at 500 nm. Glycerol,
previously degassed by several cycles of freezing and pumping, was
added (60%v/v) to obtain a transparent matrix. Oxygen was removed
from the samples by ﬂushing with argon before freezing.
Samples of Chl a in micelles were obtained by addition of few
microliters of a concentrated solution of the pigment (SIGMA)
dissolved in methanol to 1 ml of 1 mM Triton X-100.ived from the coordinates deposited in the Brookhaven Protein Data Bank (1 RWT). The
; purple: violoxanthin in site V1; cyan: neoxanthin in site N1; blue: Cla603 (lower) and
: Cla611; red: Cla614. Right: conserved chlorophyll and carotenoid sites in LHC (colours
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Fluorescence detected magnetic resonance (FDMR) and absorption
detected magnetic resonance (ADMR) experiments were performed in
the laboratory built apparatus, previously described in detail [14, 29].
ODMR is a double resonance technique based on the principle that,
when a triplet steady-state population is generated by illumination,
application of a resonant microwave electromagnetic ﬁeld between a
couple of spin sublevels of the triplet state, generally induces a change of
the steady-state population of the triplet state itself, due to the
anisotropy of the decay and population rates of the three spin sublevels.
The induced change of the triplet population may be detected as a
corresponding change of the emission and/or absorption of the system
[30, 31].
Amplitude modulation of the applied microwave ﬁeld is used to
greatly increase the signal to noise ratio by means of a phase sensitive
lock-in ampliﬁer (EG&G 5220). In the FDMR experiments the ﬂuores-
cence, excited by a halogen lamp (250W) focused into the sample and
ﬁltered by a broadband 5 cm solution of CuSO4 1 M, was collected at 45
degrees through appropriate band-pass ﬁlters (10 nm FWHM) by a
photodiode before entering the lock-in ampliﬁer. Low temperature
emission spectra were detected in the same apparatus used for ODMR
experiments, using the same excitation source, but substituting the
band-pass ﬁlters, before the detector, by a monochromator.
In the absorption detection mode (ADMR), the same excitation
lamp was used but without ﬁlters before the sample, except for 5 cm
water and heat ﬁlters. The beamwas focused into themonochromator
after passing the sample and ﬁnally collected by a photodiode. The
modulation frequency and the microwave power were chosen
depending on the experiment. By ﬁxing the microwave frequency at
a resonant value while sweeping the detection wavelength, micro-
wave-induced Triplet –minus-Singlet (T-S) spectra can be registered.
The temperature of all the experiments performed on LHC was
1.8 K. At this temperature spin-lattice relaxation is inhibited and the
ODMR signal is intense.
2.3. TR-EPR and Pulse EPR experiments
Experiments were performed on a Bruker Elexsys E580 pulsed EPR
spectrometer. Laser excitation at 532 nm (10 mJ per pulse and
repetition rate of 10 Hz) was provided by the second harmonic of
an Nd:YAG laser (Quantel Brilliant) in a ﬂexline dielectric resonator.
The temperature was controlled by means of a helium cryostat
(Oxford CF935) driven by a temperature controller (Oxford ITC503).
TR-EPR experiments were performed in direct-detection mode,
taking the signal directly from the mixer, without lock-in ampliﬁcation
with the spectjet digitizer. Transients were accumulated both on and
off-resonance ﬁeld in order to eliminate the laser background signal by
subtraction of the off-resonance traces. Transient signal rise time was
about 50 ns. In the TR-EPR spectra, the integration period was 100–
228 ns after the laser ﬂash. The microwave power was 2 mW.
Field-swept electron spin echo (ESE) spectra (FSE spectra) were
recorded using a 2-pulse ESE sequence according to the scheme: ﬂash-
DAF-π/2-τ-π-τ-echo (DAF=delay after laser ﬂash); the value of DAF
was ﬁxed at 50 ns. ESE-detected kinetics at the triplet canonical
orientations were recorded using a 2-pulse (ﬂash-DAF-π/2- τ-π-τ-
echo) ESE sequence after a variable DAF between the laser ﬂash and the
ﬁrstmicrowavepulse. Theπ/2-pulsewas of 16 ns and thedelay τwas set
at 200 ns for the FSE experiments.
2.4. EPR spectral simulations
Simulations of the powder spin-polarized triplet spectra were
performed using a program written in MatLab® with the aid of the
Easyspin routine (ver. 2.6.0) [32]. The program is based on the full
diagonalization of the triplet state spinHamiltonian, taking into accountthe Zeeman and magnetic dipole–dipole interactions, assuming a
powder distribution of molecular orientations with respect to the
magnetic ﬁeld direction. Input parameters are the sublevel populations,
the ZFS parameters, the linewidth at the canonical orientations, and the
g-tensor components.
Calculations of the sublevel triplet state populations of the
acceptor, starting from those of the donor, were performed before
for the LHC-II and PCP complexes [12, 25] using a home-written
program in MatLab® software, following the formalism of Akiyama
et al. [33], and utilizing the x-ray coordinates of the proteins. The
program for the calculation of the triplet sublevel populations works
at the limit of a triplet–triplet energy transfer (TTET) which is fast,
compared to the time evolution of the donor triplet spectrum, and is
slow enough to allow spin alignment in the external magnetic ﬁeld.
2.5. Molecular docking
Since the pigment arrangement for the LHC complex is not known,
starting from the hypothesis of a structural homology of the core of LHC
with that of LHC-II, as shown in Fig. 1, we used a docking procedure to
introduce the peridinin molecules into the L1 and L2 sites.
All docking simulations were carried out in AutoDock (v4) using
the Lamarkian genetic algorithm [34, 35].
The polypeptide backbone structure of the monomeric LHC-II,
derived from the x-ray structure (PDB code 1RWT) [7], was
maintained for LHC. The positions of Cla602, Cla603, Cla610, Cla612,
and Cla613 in their binding sites were also conserved.
According to the sequence alignment between the spinach LHC-II
and the LHC from Amphidinium c. (sequences aligned using BLAST;
FASTA entry: tr|Q38689|Q38689_AMPCA, fragment 158–330, cor-
responding to the mature protein), some residues facing the
carotenoid L1 and L2 binding sites within 5 Å are non-conserved in
LHC. These residues were changed and their side chains were allowed
to move during the docking procedure in order to minimize the
energy interaction with the ligand. As starting structure for the ligand
peridinin, we used the structure corresponding to PID614 in PCP [28].
The target LHC-II protein was kept rigid, therefore assuming that
there are no induced conformational changes upon ligand binding,
except for the residues, both conserved and not conserved, facing the
L1 and L2 sites and located within 5 Å to the two carotenoids. These
residues were allowed to move. Some ﬂexibility of the peridinin
molecule was also allowed, via the rotation around the single bonds of
the−OH and−C(O)CH3 groups, while its conjugate backbone and the
cyclohexyl rings were kept rigid.
For both the ligand and the target protein, all non-polar hydrogen
atomswere merged to the connecting heavy atom, leaving only heavy
atoms and polar hydrogen atoms. Gasteiger–Marsili atomic charges
[36] were assigned using AutoDock Tools (ADT) [37].
Atomic afﬁnity and electrostatic potentials were computed for a grid
box positioned around the approximate center of the binding site, with
dimensions 34.0×64.0×34.0 points and spacing per point of 0.5 Å. The
total number of runs was 50, and the number of energy evaluations per
trial was set to 25 millions. All other docking parameters were the
AutoDock default settings.
To validate the procedure, we docked the carotenoid lutein (ligand)
in the LHC-IImonomer (target), after removal of Lut620, using the same
parameters reported above for the docking of peridinin. We obtained a
stable conformation for lutein in the L1 site, which was identical to that
of the crystal structure.
3. Results
3.1. ODMR
The absorption spectrum of the LHC complex from A. carterae taken
at room temperature is shown in Fig. 2. As previously reported, the Qy
Fig. 2. Top: Room temperature absorbance spectrum of the LHC complex from
Amphidinium carterae. Bottom: Emission spectrum of the LHC complex at 1.8 K, obtained
by broad band excitation as described in Materials and methods.
Fig. 3. FDMR spectra of the isolated LHC complex, at 1.8 K, detected at 685 nm in the
microwave ﬁeld region corresponding to carotenoid triplet state transitions. The 2|E|,
the |D|− |E|, and the |D|+|E| transitions are indicated. Amplitude modulation
frequency: 315 Hz, time constant 600 ms, number of scans 20. For comparison the
transitions detected in PCP, in similar experimental conditions, are also shown in red
(from [14]). The intensity of 2|E| transitions has been rescaled, for both samples,
dividing by a factor of six.
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due to the higher vibrational bands of the Qy transition of Chl a, and to
the Qy band of Chl c2 [1]. In the Soret region, there are two bands due to
Chl a (440 nm) and Chl c2 (458 nm). Carotenoid absorption bands
overlap with the Soret bands of chlorophylls and extend further to the
red. The band located at 540 nm has been assigned to the peridinin,
whereas the shoulder at 495 nm belongs to both the peridinin and
diadinoxanthin carotenoids [6].
The emission spectrum of LHC obtained at room temperature shows
a characteristic Chl a ﬂuorescence band peaking at 678 nm, in agree-
mentwith literaturedata (not shown) [6]. At 1.8 K, corresponding to the
temperature of the ODMR experiments, the ﬂuorescence emission
spectrum, obtained by broad band excitation as described in Materials
andmethods, is red-shifted to about 680.5 nm, (see Fig. 2). No emission
bands due to Chl c2molecules have been detected, demonstrating 100%
energy transfer efﬁciency to Chl a in the complex even at the very low
temperature.
Illumination of the sample at cryogenic temperatures induces the
formation of carotenoid triplet (TCar) states which can be detected by
FDMR, by monitoring the emission of the sample while sweeping the
microwave ﬁeld, as previously reported for LHC-II and PCP [14, 16, 23].
Although carotenoids are non-ﬂuorescing molecules, their FDMR
transitions can be indirectly detected because of the energy transfer
processes occurring among carotenoids and chlorophylls in the antenna
complexes: a change of the steady-state population of the TCar states,induced by a resonant microwave ﬁeld, is reﬂected by a change of the
intensity of the emission of the nearby chlorophyll molecules [14].
The resulting spectra, detected at 685 nm, in the microwave ﬁeld
region where the 2|E|, the |D|− |E|, and the |D|+|E| transitions of TCar
states are expected, are shown in Fig. 3. For comparison the FDMR
transitions of PCP, from ref. [14] is also shown.
Two sets of three transitions with the polarization pattern usually
found for TCar (intensity of transitions: 2|E| NN |D|+|E|N |D|− |E|) have
been detected. This demonstrates that TChl states in the LHC can be
quenched by populating two different TCar populations. The relative
contribution of the two different TCar populations (T1: |D|=1237±
10 MHz, |E|=125±2 MHz; T2: |D|=1352±10 MHz, |E|=138±
2MHz) to the FDMR spectrum is slightly dependent on the detection
wavelength in the emission spectrum (690–740 nm). The T2 contribu-
tion to thewhole spectrum is about twice that of T1, as its transitions are
much broader.
Together with the formation of TCar states, the low temperature
illumination of the complex also results in the production of TChl states,
which are not quenched by the carotenoids. The spectral region of FDMR
spectra, where the |D|− |E| and the |D|+|E| transitions of TChl a states are
expected [14], is shown in Fig. 4. The 2|E| transition was too weak to be
detected, as usually found for TChl states. The TChl states of LHC
are characterized by the following ZFS parameters: |D|=868±5MHz
and |E|=137±2MHz.
To better characterize the Car and Chl molecules carrying the
triplet states in terms of their absorption spectra, the microwave-
induced T-S spectra were taken by setting the microwave ﬁeld at
different resonant frequencies. The results are shown in Fig. 4 (inset)
for the TChl and in Fig. 5 for the TCar states. In Fig. 5 (inset), the ADMR
2|E| and |D|+|E| transitions detected at some signiﬁcant wavelengths
are also shown. |D|− |E| transitions are not shown because they were
too weak.
From the carotenoid T-S spectra, the position of the intense T-T
absorption band, which is the main (positive) feature in the T-S
spectrum of carotenoids and which always appears to the red side of
the red-most S0→S2 (negative) absorption band can be determined.
This band is centered at 565 nm for the triplet T2 (2|E| transition at
278 MHz) and at about 512 nm for the triplet T1 (2|E| transition at
248 MHz). In the T-S spectrum detected at 248 MHz there is also a
small positive contribution at 565 nm, which is possibly due to T2
Fig. 4. FDMR spectra of the isolated LHC complex, at 1.8 K, detected at 685 nm in the
microwave ﬁeld region showing the |D|− |E| and the |D|+|E| transitions of TChl states.
Amplitude modulation frequency: 33 Hz, time constant 600 ms, number of scans 20.
Inset: T-S spectrum detected at 741 MHz (other conditions as for the FDMR spectrum)
and transmittance (I) of the sample.
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spectra taken at 512 and 565 nm conﬁrm the assignment of the 2|E|
and |D|+|E| transitions based on the FDMR spectra. The T-T
absorption bands partially overlap with the corresponding bleaching
bands of the carotenoid singlet–singlet absorption (S0→S2), whose
0→0 transitions are positioned, respectively, at 495 and 535 nm.
In the Chl Qy absorption region of the T-S spectra associated with
the 2|E| transitions of the carotenoids, additional weak negative bands
have also been detected, at 644 and 667 nm for T2 and at 649 and
670 nm for T1. These bands are due to the interaction between the Car
molecule carrying the triplet state and the nearby Chls which “feel”
the change of the electronic state of the Car. Similar bands have been
reported in the past for several light-harvesting complexes belonging
to both bacteria and plants [16, 38].
Together with the TCar states, a consistent population of TChl
unquenched states is also produced in the isolated LHC upon photo-
excitation, meaning that the efﬁciency of the TTET to carotenoids is
not 100%, at least at the low temperature of the experiments. In the
chlorophyll T-S spectrum associated to the maximum of the |D|− |E|Fig. 5. T-S spectra of LHC at 1.8 K, detected at two different microwave frequencies
indicated by arrows in Fig. 3. Amplitude modulation frequency 325 Hz. Slit: 1 nm. Inset:
ADMR spectra detected at different wavelengths as indicated. Other conditions as for the
FDMR spectrum reported in Fig. 3.transition, at 741 MHz, the absorption of the Chl a molecules giving
the triplet states is seen as a bleaching peaking at 675 nm. This
wavelength indicates that the unquenched TChl states are located in
the “red” chlorophylls of the complex. The transmittance of the
sample detected at 1.8 K, in the same experimental conditions as for
the detection of the T-S spectrum, shows a shoulder at 675 nm which
was not resolved at higher temperature (see Fig. 4, inset).
3.2. TR-EPR and pulse EPR
Fig. 6 shows the 20 K X-band spin-polarized TR-EPR spectrum of
LHC, taken at 150 ns after the laser pulse. The spectrum reveals the
presence of, at least, two different species. The prevalent triplet
population, having ZFS parameters: |D|=310±3.0 G and |E|=42±3
G, can be easily assigned to TChl a, on the basis of the ZFS parameters
determined byODMR spectroscopy, reported above, and by comparison
with the TR-EPR spectrum of TChl a “in vitro” shown in the same ﬁgure.
The latter has been obtained for Chl a dissolved in micelles of Triton X-
100 and has been detected under the same experimental conditions as
for LHC.
The presence of TCar in the composite spectrum is revealed by the
transitions corresponding to the canonical orientation Z (|D|=452
G=1268 MHz), which do not overlap with the TChl a transitions, as
pointed out in Fig. 6. The observed |D| parameter is close to the
average of the two |D| parameters determined by ODMR for T1 and T2.
Because of the TCar and TChl a spectral overlap in the TR-EPR
spectrum of LHC and of the large contribution of the TChl a, it is not
possible to determine the polarization pattern of the TCar by direct
inspection of the TR-EPR spectrum.
Two-pulse ESE experiments have been successfully used before for
the analysis of the EPR spectra of the photo-induced triplet states in
LHC-II and PCP [12, 25] and were applied here to the LHC. We have
previously demonstrated that for TCar states, the shape of TR-EPR and
FSE spectra, taken at short DAF, are identical due to the absence of fast
and anisotropic relaxation processes [26]. In contrast, porphyrin
triplet states are known to show anisotropic relaxation processes
which are reﬂected in their FSE spectra [39]. In Fig. 6, we report the
FSE spectrum of TChl dissolved in Triton X-100 1 mM, detected at the
same τ and DAF as for LHC. It can be seen that the shape of the FSE
spectrum of TChl is different from the corresponding TR-EPR, shown in
the same ﬁgure. The FSE spectrum of LHC is also shown. Direct
comparison of the FSE and TR-EPR spectra of LHC, reveals that the
spectral contribution of TChl is strongly reduced in the FSE spectrum,Fig. 6. X-band spin-polarized TR-EPR spectra of the photo-excited triplet state of Chl a
dissolved in micelles of Triton X-100 (a) and of the photo-excited states populated in
LHC (b). The bottom trace represents the difference (e) between the FSE spectrum of
LHC (c) and the FSE spectrum of TChl a (d). T=20 K.
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canonical ZFS orientation of the TChl. This spectral effect makes the
FSE spectrum a good starting point for determining the “pure”
contribution of TCar. In fact, by subtracting after smoothing, an
appropriate amount of the experimental TChl a FSE spectrum from
that of the LHC, the “pure” contribution of TCar triplet states is
obtained (relative amounts of the two components contributing to the
FSE spectrum of LHC are shown in Fig. 6). The best subtraction has
been obtained by minimizing the spectral features due to TChl in the
difference spectrum. Note that a contribution from a radical species is
also present in the center of the spectrum. The “pure” contribution of
TCar triplet state shows a polarization pattern eeaeaawhich is similar
to that obtained for LHC-II [12]; however, the central lines are much
less pronounced.
The time evolution of the spin polarization has been investigated
by monitoring the echo intensity as a function of DAF at the turning
points corresponding to the low-ﬁeld canonical orientations of the
ZFS tensor of the carotenoid triplet state (Z, Y, X in Fig. 2) (not shown).
The spin polarization of the Z component has a decay time of the order
of 10 μs while the polarization of the Y component is inverted after
about 10 μs. These effects are expected on the basis of the anisotropy
of the decay rates of the spin sublevels, as previously reported for TCar
states in other photosynthetic systems [26, 40, 41]. The time evolution
of the TCar spectra is slow compared to time resolution of the setup;
thus, the spectra taken at the shortest time reﬂect the “initial”
polarization inherited from the TChl states. The TChl contribution of
the FSE spectrum of LHC evolves independently showing no
correlation with the evolution of the TCar.
3.3. Calculation of the spin polarization of the carotenoid triplet state
based on spin conservation during triplet–triplet energy transfer
The TCar state formation in LHC is thought to arise from TChl a
quenching, since direct triplet population of carotenoids from the
corresponding excited singlet state is a very low probability process. As
stated above,we are able to detect a spin-polarized spectrumconserving
the polarization pattern inherited from the TChl donor. Therefore, it is
possible to analyze the carotenoid triplet state polarization in terms of
TTET from the TChl a donor, exploiting the principle of spin conservation
during TTET, as described in Materials and methods.
Due to the fast TTET, the spectral features of the TChl a states which
are speciﬁcally quenchedby the carotenoids in LHC cannot be identiﬁed.
Consequently, we have to make some assumptions in terms of the
sublevel populations of the TChl a to be projected from the donor to the
acceptor triplet in order to calculate the TCar acceptor populations. We
have already discussed in details this point in our previous work on PCP
and LHC-II [12, 25]. Two sets of TChl a populations, depending on theFig. 7. Conformations of minimal, comparable energy of the peridinin molecules in the bindi
(green color scale). Residues allowed to move (grey) and the conserved Chls (Cla612 (red),
the L1 site of LHC-II [pdb ﬁle (1RWT)] is displayed in orange.polarity of the solvent and on the ligation state of the central Mg and
differing from each other in the initial polarization pattern (eaeaea vs.
eeeaaa), have been reported from in vitro studies. A eeeaaa polarization
pattern also characterizes theunquenched TChl a contribution to the TR-
EPR spectrum of LHC. In the following, we present the calculations for
the acceptor triplet population rates obtained from using the TChl a
populationswhich produce the eeeaaa spectral pattern, although, as the
calculations have demonstrated, the choice between the two polariza-
tion patterns is not inﬂuencing themain conclusions that can be drawn
from the results.
An important parameter of the calculation is the relative orientation
in space of the donor and acceptor moieties. Although the structure of
LHC has not yet been resolved, the sequence alignment permits the
hypothesis of a structural similaritywith the core of the LHC-II complex.
In particular, the structure of the core of pigments, composed by the two
central carotenoids and the chlorophylls Cla610-612-613-602-603,
seems to be conserved [2]. Thus, it is interesting to verify if the EPR
data on LHC are compatible with a protein structure which conserves
the strategy of photo-protection adopted by LHC-II: only two carote-
noids located in the center of the protein act as TChl quenchers, although
there are extra carotenoids present somewhere in the protein scaffold.
The Chls surrounding the two central carotenoids in LHC are likely
reduced in number, compared to those found in LHC-II. However, ﬁve of
them, having putatively conserved central ligands, are good candidate
as donors in the TTETmechanism. The starting point for the calculations
is to assign the two different carotenoid triplets observed in LHC by
ODMR to two carotenoids sitting in the analogous of the L1/L2 binding
sites of the LHC-II complex. Due to the different molecular structure of
peridinin, the main carotenoid of LHC, compared to that of lutein, the
molecular docking of the peridinin molecule in the two sites which
accommodate the two central lutein molecules in LHC-II has been
performed, taking into account the presence of different residues in the
region of the carotenoid binding sites (see in Materials and methods).
The starting molecular conformation chosen for the peridinin in the
docking study was that corresponding to PID614 in PCP [28]. A number
of conformations of minimal, comparable energy have been calculated
by the docking simulation analysis (see Fig. 7).
Other parameters to be set for the calculations of the spin-
polarized triplet spectrum are the values of the ZFS parameters and
the directions of the ZFS axes in relation to the molecular frame, for
both the donor and the acceptor molecules. The TChl a ZFS axes are
those used previously for TChl a in LHC-II [12], while the ZFS axes of
the docked peridinins have been obtained by the procedure used for
the PCP complex [25].
Using the above assumptions, we have calculated the initial TCar
spectra, expected on thebasis of theTTETmechanism, for all the Cla610-
612-613-602-603/Per mutual conﬁgurations derived from the dockedng site of LHC, homologous to the L1 site of LHC-II, calculated by the docking procedure
Cla610 (blue), and Cla613 (pink)) are also shown. Corresponding Lutein 620 position in
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parameters used for the calculations of the peridinin triplet spectra at
the L1 site can be found in Supplementary material. No substantial
differences were found for site L2 (not reported). All the conformations
(thirteen out of ﬁfty) showing a negative binding energy in the docking
have been considered. A good agreement with the experimental data
was reached only by considering TTET starting from Chl a 602/610 in
most of the conformations (eight out of thirteen). All the remaining
conformations gave a spin polarization pattern for the calculated
peridinin triplet spectrum which did not reproduce the experimental
data, whatever Chl molecule of the core was considered as the donor.
Since the ODMR experiments on LHC have clearly shown the
presence of two distinct TCar populations, characterized by different
ZFS parameters, we considered two triplet contributions in the
reconstruction of TR-EPR and FSE spectra of LHC, although these
two components are not clearly resolved in the spectra. A speciﬁc
assignment of T1 and T2 to the carotenoid sitting in sites L1 and L2
was however not possible since, due to the symmetry of the complex,
an exchange of T1/T2 in the L1/L2 sites does not produce a change of
the observed triplet state polarization pattern.
An example of reconstruction of the experimental spectra is shown
in Fig. 8. Firstly, on the basis of the TTET calculations of the TCar
polarization in the L1/L2 sites, we have reconstructed the TCar “pure”
contribution to the FSE spectrum of LHC (bottom trace in Fig. 6), by
summing two triplet components, corresponding to T1 and T2, in a
1:3 ratio, as determined by ODMR; secondly, we have reconstructed
the TR-EPR spectrum (reported also in Fig. 6) by adding to the
calculated spectrum of the TCar state mentioned above, an appropri-
ate amount of the smoothed TR-EPR spectrum of TChl shown in Fig. 6.
4. Discussion
The results shown in the previous section demonstrate that in the
LHC from A. carterae the TTET between Chl and Car is active. However,
when compared to LHC-II, the efﬁciency of the quenching of TChl a
does not seem to be very high, at least at cryogenic temperatures. In
fact a large population of unquenched TChl a is present in the LHC
complex, as shown by both the ODMR and the EPR data. This isFig. 8. TR-EPR spectrum of LHC (black line, reported also in Fig. 6) and TCar “pure”
contribution to the FSE spectrum of LHC (blue line, same as in Fig. 6) and their
reconstructions (red and orange lines respectively). Reconstruction of the TR-EPR
spectrum was obtained by summing the TChl contribution (green line) and the TCar
contribution (orange line). The TChl spectral contribution corresponds to the smoothed
TR-EPR spectrum of TChl reported in Fig. 6. The TCar spectrum has been calculated on
the basis of the TTET mechanism starting from TChl a 602/610 and a peridinin
conformation as derived from the docking procedure. Calculation parameters: Px:Py:
Pz=0.35:0.20:0.45 for both T1 and T2; T1: |D|=483 G, |E| = 49.4 G; line widths:
Wx=15 G, Wy, Wz=20 G; T2: |D|=442 G, |E|=44.8 G, Wx=15 G, Wy, Wz=20 G;
T1:T2=1:3.surprising in view of the high Car/Chl ratio present in the complex,
but it is in agreement with the ﬂuorescence excitation data previously
reported [6] in isolated LHC, showing that in the carotenoid region,
also the efﬁciency of singlet–singlet energy transfer to Chl a is
reduced. It exceeds 90% within the lowest energy peridinin band, but
drops off below 525 nm. Moreover the contribution of diadinox-
anthin, which is estimated to be present in a 1:5 (diadinoxanthin/
peridinin) ratio in the complex, is almost missing in the ﬂuorescence
excitation spectrum, indicating that it is weakly involved in energy
transfer, as conﬁrmed by time-resolved measurements [6]. A role for
diadinoxanthin similar to that of violaxanthin, which is involved in
the xanthophyll cycle in LHC-II, has been suggested, and it is unlikely
that the two carotenoid triplet pools observed by ODMR belong to the
two different species of carotenoids present in the sample. It is more
plausible that two different peridinins, having speciﬁc environments
and consequently characterized by different ZFS parameters, are
involved in the TTET from TChl a. The effect of the environment on the
spectral features of carotenoids has been discussed in the past.
Recently Resonance Raman (RR) spectroscopy has been used to
characterize the structures and environments of the carotenoid
fucoxanthin (Fx), in the membrane-intrinsic fucoxanthin chlorophyll
a/c2 proteins (FCP) from the diatom Cyclotella meneghiniana [42]. This
protein, belonging to some diatoms and brown algae, is as rich in
carotenoids as LHC, and its homology with plant LHC-II implies that it
has a similar organization of the transmembrane helixes [43]. In the
protein, the RR spectra revealed the presence of two distinct Fxblue's ,
two low-energy Fxred's, and one to two intermediate-energy Fxgreen's,
all adopting a planar all-trans conformation.
The T-S spectra associated to the two different TCar states in LHC
show that one peridinin is the lowest energy peridinin present in the
complex, absorbing at about 540 nm, and the other is a “bluer”
peridinin absorbing at about 495 nm. It is interesting to note that also
in LHC-II the ODMR experiments, performed at 1.8 K, revealed the
presence of two lutein triplet states with different spectral features,
having T-T absorptionmaxima at 507 and 525 nm and ZFS parameters
|D|=1270 and 1310 MHz, respectively. The T-S spectra of these two
lutein triplets showed interactions bands in the Qy absorption region
of Chl a: the ﬁrst with a red Chl (bleaching observed at 677 nm) and
the second with a bluer Chl (bleaching at 670 nm). The two triplet
states were assigned to the two luteins located in the L1 and L2 sites,
respectively [19]. Similar spectral features are present in the T-S
spectra of LHC, detected at the resonance frequencies maxima of the
two carotenoid triplet states. In fact, as in LHC-II, the triplet T1, having
smaller ZFS parameters, shows a T-T absorption maximum at shorter
wavelengths (512 nm) and bleaching bands of Chls absorbing at
longer wavelengths (649 and 670 nm) while T2, having larger ZFS
parameters, shows a red-shifted T-T absorption maximum (565 nm)
and bleaching bands of Chls at shorter wavelengths (644 and
667 nm). The bands at 644 and 649 nm correspond to the bleachings
of Chl c2, meaning that the carotenoids involved in triplet quenching
are very close not only to Chl amolecules but also to Chl c2. Similarly,
bands corresponding to both Chl a and b were present in T-S spectra
associated to the lutein triplet states in LHC-II [16].
The detection of only two different carotenoid triplet states among
several possible, the similarity of their spectral characteristics with
those found for lutein triplet states in LHC-II and, ﬁnally, the fact that in
LHC-II the carotenoids involved in TChl quenching belong to the
putatively conserved protein region, has suggested as interesting to
probe if the EPRdata on LHCwere compatiblewith an assignment of the
triplet states to twoperidinins sitting in the analogous of the L1/L2 sites.
It can be noted that the spectral shift of the T-T absorption bands of
the two carotenoid triplet states is muchmore pronounced in LHC than
in LHC-II. This could be due to the characteristics of the electronic states
of peridininmolecule because of the presence of an allene and a lactone
ring in conjugation with the electron system of the carbon-carbon
double bonds. These group make the peridinin sensitive to the solvent
1766 M. Di Valentin et al. / Biochimica et Biophysica Acta 1797 (2010) 1759–1767properties [44] andmight be also responsible for the enhanced response
to the local protein ﬁeld present in the putative L1 and L2 sites.
The spectral analysis reported in [12] has shown that the initial
polarization pattern of the TCar states detected in LHC-II by TR-EPR and
pulse EPR, may be well reproduced by considering a single TTET step
from Chl603 to Lut621 (site L2) and/or from Chl612 to Lut620 (site L1).
The initial polarization pattern of the TCar in LHC (eeaeaa), extracted
from the FSE spectrum of LHC after subtraction of the TChl contribution,
resembles that reported for LHC-II, characterized by strongYandweakZ
emissive components in the low-ﬁeld spectral region. The central
absorptive X component, however, is much less pronounced that in
LHC-II, indicating a similar but not identical arrangement of the Chl-Car
couples involved in TTET. On the other hand, the observed polarization
pattern of TCar in LHC is totally different from that detected in isolated
PCP complex (eaeaea) [25]. Under the assumption of a conserved
pigment–protein core, composed by the two central peridinins and the
ﬁve Cla610-612-613-602-603 pigments as in LHC-II, and on the basis of
the relative conformation of the peridinin–Chl couples obtained by the
docking simulation analysis, the calculations of the expected initial
polarization of TCar show that it is likely that in LHC TTET takes place
starting from TChl a 602/610. The experimental LHC spectrum can still
be simulated starting from TCla603/Cla612 as in LHC-II, by rotation of
the carotenoid ZFS axes, about each molecular axis, of 20–30 degrees
(not shown). Even tough small changes of the relative orientations of
the Cla603(Cla612)-peridinin(L2/L1) couples could in principle be
induced by protein-speciﬁc local effects, however, as stated above, the
EPR spectra can be reproducedwithout need of local rearrangement, if the
triplet states are initially formed in Cla602 and Cla610.
It is worth noting that the efﬁciency of the quenching of TChl by Car
is reduced in LHC compared to LHC-II. In our previous work on LHC-II
we pointed out that the His and Asn residues, which coordinate the
central Mg atom of Chl603 and Chl612, respectively, are able to favour
the overlap of the conjugated systems, and thus the TTET process, by
pulling the porphyrin ring towards the luteins. This condition is not
fulﬁlled by the central ligands of Chl602 and Chl610. Starting from the
Chl602/610 couple the global efﬁciency of triplet quenching by
peridinins results to be reduced, compared to the corresponding
quenching by luteins in LHC-II. It is possible that, since Chl 611 is
missing and Chl b is not present in the LHC complex, the interactions
among the Chls close to the carotenoid binding sites give rise to a
singlet distribution of the excitation leading to a high probability of
forming triplet states in the Chl602/610couple. It is also possible that
the position corresponding to the Chl a 603/612 in LHC-II is occupied
in LHC by a Chl c2, coordinated to the conserved central ligand. This
would be in agreement with the effect observed in the T-S spectra of
carotenoids showing a close proximity of the Car carrying the triplet
state to both Chl a and Chl c2 molecules. Moreover, in the T-S spectra
of LHC, the intensity of the bleaching of the Qy band of Chl c2 is similar
to that of the Qy band of Chl a, meaning that the interaction of these
two pigments with the Car is comparable. The change of the Chl b
absorption induced by the electronic state transition of the Car
carrying the triplet state in LHC-II was much smaller than that
observed for Chl a [16]. Thus, all this considerations point towards a
possible closer proximity of the Chl c2 to the central Car compared to
that of Chl b in LHC-II.
In conclusion, the analysis shows that the EPR data are compatible
with a structural model of the core of LHC which assigns the photo-
protective function to two central carotenoids surrounded by the
majority of the Chl amolecules present in the protein as found in LHC-II.
If the assignment of the quenching of TChl states by only two
peridinins located in the L1/L2 sites is correct, the role and arrangement
of the extra peridinins, which are a present in each LHC monomer,
remains to be clariﬁed. It has, however, been suggested that pigment
content of both the LHC [6] and FCP from diatoms [43] may be
considerably less than that originally calculated. Nevertheless if a cluster
of peridinins is present it does not seem to resemble the pigmentarrangement observed in PCP where four peridinins surround a Chl a
molecule and the efﬁciency of the quenching of the TChl is 100%.
The Q y absorption band of the Chl amolecules carrying the triplet
states, which are not quenched by Car in LHC, is seen as a bleaching
peaking at 675 nm in the associated T-S spectrum indicating that the
“unprotected” Chls correspond to the red chlorophylls. The incom-
plete quenching of TChl states in LHC could be compensated in vivo by
the direct scavenging of singlet oxygen in an environment which is
rich in carotenoids.
5. Conclusions
In this study on the quenchingmechanism of TChl states in isolated
LHC from A. carterae, two carotenoid triplet states, differing in terms of
optical and magnetic spectroscopic properties, have been identiﬁed
and assigned to peridinins located in different protein environments.
The spectral analysis shows that the results are compatible with a
structural model for the core of LHC which resembles that of the LHC-
II, with two central carotenoids quenching the triplet states formed in
a couple of Chls, belonging to the putatively conserved pigment pool.
Although this suggests a possible common strategy for TChl quenching
in the two LHCs, it must be pointed out that, due to the lack of
structural data, and the uncertainty in the pigment composition, a
different scenario in the pigment arrangement of LHC can not be
excluded.
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